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Dynamic elastic mechanical properties and transverse anisotropy in shales are very important to 
consider in estimation of the in-situ stress, petrophysical and geophysical analyses. Typically, they are 
calculated based on the acquired ultrasonic velocities under simulated close to in-situ conditions in a 
laboratory environment. Specifically, compressional and shear velocities are measured in 0°, 45°, and 90° 
orientation to bedding plane of the particular shale sample. In previous studies, these measurements were 
accomplished using three-plug-method, which would require to core three independent core plugs oriented 
horizontally, in 45°, and vertically. In this study, we designed and implemented a special core holder to 
perform non-destructive, efficient, reliable, multidirectional, and simultaneous ultrasonic compressional 
and shear velocity measurements on the single 1.5 in. cylindrical core plug. 
An additional important aspect of this research is to study the effects of clay, organic matter 
abundance and maturity, porosity and pore throat sizes on elastic properties and anisotropy in shales. In 
order to implement this task, eleven shale core plugs and a series of laboratory measurements are employed. 
The X-ray computed tomography is utilized to observe overall condition of the shale rock samples. 
Specifically, it is important to identify orientation of the bedding plane, possible microfractures, and 
potential presence of chemically altered minerals. Water immersion porosity (WIP) method is used to 
estimate bulk density, grain density, and porosity of the shale specimens. The nitrogen adsorption technique 
is applied to estimate an average pore size distribution (PSD), pore volume, and specific surface area (SSA) 
parameters, and, yet again, ultimately porosity. Bulk mineralogy composition is estimated using X-ray 
diffraction analysis. Finally, LECO TOC and source rock analysis (SRA) are utilized to provide insight into 
organic matter richness and maturity.  
My results provide an insight into the elastic mechanical behavior and the degree of anisotropy that 
organic shales may experience under in-situ conditions. Specifically, I find that the Young’s moduli in the 
direction parallel to the bedding plane is greater than perpendicular to it. Poisson’s ratios have mixed results 




horizontal to vertical ratio of Young’s moduli have been estimated under elevated pressures on the up and 
down cycles. It was observed that anisotropy decreases dramatically with increase in pressure, but does not 
approach zero. It was concluded that this observed phenomena at high confining pressures may potentially 
be explained by the existence of some degree of intrinsic anisotropy in organic matter and clay particles. 
The estimation of Young’s moduli in vertical and horizontal directions has been investigated based 
on the application of the two different sets of equations. One is the appropriate isotropic equations, and the 
second is VTI equations. It was discovered that the degree of discrepancy between estimation of Young’s 
moduli by these two methods is on the order of 15%. This result is a very important finding. Thus, it is 
crucial to obtain an accurate direct measurement of the C13 stiffness coefficient in order to have true 
estimation of the vertical and horizontal Young’s moduli. 
Furthermore, the effects of clay, abundance and maturity of organic matter on the degree of 
anisotropy has been investigated. Directly proportional correlation between clay content and the degree of 
anisotropy has been established. Impact of maturity of organic matter on velocity anisotropy has been 
observed and combined with findings by Vanorio et al. (2008). It was confirmed that the degree of 
anisotropy is affected by maturity level of kerogen, %Ro, in a very complex nature due to laminated 
distribution of kerogen itself and due to creation of the microfractures and void space in organic matter 
during maturation.  
The mineralogy data, LECO TOC data, and SRA data for shales involved in this study have been 
combined with the appropriate data from Sone (2013) and Passey et al. (2010) to establish origins for the 
L-set, K-set, and C-set. It was concluded that these shale core samples potentially may be related to the 
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1 CHAPTER 1 INTRODUCTION 
Successful exploration of unconventional organic-rich shale reservoirs involves scientific study, 
engineering innovation, risk taking, and professional expertise from different disciplines, such as geology, 
petroleum, and geophysical engineering. Unconventional shale reservoirs require either adjusted or 
completely innovative approach to scientific concepts and engineering technologies that have been used for 
decades on conventional reservoirs. That is why in my study I used an innovative approach to improve 
existent laboratory procedure. 
The unique rock attributes that govern the quality of unconventional reservoirs include abundance 
and degree of maturity of the organic matter, porosity, permeability, degree of anisotropy, mineralogical 
composition, and geomechanical properties. Simply put, organic matter must be present in a host rock in 
order to qualify as an unconventional reservoir. The minimum amount of organic matter that is accepted in 
the petroleum industry for a formation to be considered as an oil shale or shale gas unconventional reservoir 
is about 2% total organic carbon (TOC) (EIA 2013). Organic matter in shales comprises macerals, kerogen, 
bitumen, char, and solidified oil (“dead oil”) (Bohacs et al. 2013), along with retained liquid hydrocarbons 
(Zargari et al. 2013). As temperature and depth of burial increases, diagenesis and chemical alterations of 
minerals takes place; the organic material starts maturing and results in generation of oil and/or gas, and 
the pores are filled with hydrocarbons. The nanopores within the organic matter in some cases comprise 
>50% of the total porosity (Passey et al. 2010). All these processes affect the final condition of the 
sedimentary shale rock. Determination of the mechanical properties of shales is an essential screening 
criteria. For example, they are used for defining favorable intervals for hydraulic fracturing stimulation and 
identifying the presence of sweet spots in unconventional shale plays (Cook et al. 2007); elastic properties 
assist in estimation of minimum and maximum horizontal in-situ stress and in improving hydraulic 
operations practices, and they are used for model building seismic inversions for physical rock properties 




influence analyses/interpretations of seismic surveys, sonic logs, and microseismic monitoring (Sone and 
Zoback 2013).  
The anisotropic nature of shales creates significant problems in seismic exploration (Thomsen, 
1986), specifically, in fluid identification (Sheriff, 2002). Ignoring anisotropy can lead to miscalculation of 
elastic mechanical parameters and wrong estimates of in-situ stresses (Thomsen, 1986). In order to 
accurately evaluate dynamic elastic properties and the degree of anisotropy of organic rich shale rock, 
compressional and shear velocity measurements must be acquired in the lab under simulated in-situ 
conditions often under an important assumption of a vertical transverse isotropy (VTI) model. In VTI 
media, rock properties vary depending on direction with respect to axis of symmetry. Typically, the 
symmetry axis is orthogonal to the bedding plane orientation. In order to fully describe elastic mechanic 
properties of shales, five independent stiffness coefficients must be calculated based on the acquired 
compressional and shear velocities in parallel (0°) direction, 45° oblique angle, and normal (90°) to the 
bedding plane orientation in a shale sample (Vernik and Nur 1992; Hornby 1998; Sondergeld and Rai 2011). 
Often, reliable laboratory anisotropic velocity measurements with as close to the in-situ conditions as 
possible are challenging. Typically, the so-called "three-plug-method" is used for analysis: three 
independent core plugs are cored from a larger conventionally drilled core in the directions orthogonal, 
horizontal, and at 45° oblique angle to the axis of the core or bedding plane (Figure 1.1). Disadvantages of 
the three-plug method are: three separate measurement for three plugs are needed requiring time for core 
preparation and measurement processes; because of the heterogeneous nature of the organic-rich shale 
samples, the three different core samples might not represent the same rock.  
In this study, we designed, built, and used a special core jacket holder (PLP core jacket holder) to 
carry out multidirectional and simultaneous ultrasonic compressional and shear velocities measurements 
under hydraulic confining pressure. The jacket was tested and calibrated using standard samples of 
aluminum and sandstones. It was then used to measure eleven organic-rich shale core samples. Based on 




properties and degree of anisotropy were estimated. Additional laboratory analyses were performed to 
evaluate porosity, pore size distribution, mineral composition, and geochemical parameters. 
 
Figure 1.1: Schematics of the three-plug method core sample preparation. Three individual core plugs 
are drilled out from the bigger core in 0°, 45°, and 90° directions to the bedding plane. The image is 
adapted from Wang (2002). 
 Because of the challenges associated with the diverse nature of organic-rich shales, and a working 
laboratory setup, there are only few studies on the effects of rock mechanical properties in shales. The 
ultrasonic velocity measurements in on organic-rich shales using a three-plug-method were conducted by 
Vernik and Nur (1992), Vernik and Liu (1997), Hornby (1998), Sondergeld and Rai (2011). Similar 
measurement on a single core plug with transducers attached directly on the surface of the rock were 
performed by Dewhurst and Siggings (2006) and Wang (2002). In this study, I analyze velocity and 
anisotropy measurements on organic-rich shale samples, and quantify anisotropic results for dynamic 




1.1 Objectives of Research 
There are three main objectives for this study.  
 Build a device for simultaneous measurements of multidirectional compressional and shear 
velocities under elevated pressures on a single core plug that are reliable, repeatable, and 
require minimal sample preparation. Establish a laboratory protocol for the measurements. 
 Explore the importance of anisotropy on dynamic elastic properties simulated in-situ 
conditions in organic-rich shales. 
 Study the effects of mineral composition, abundance and maturity of the organic matter, and 
porosity on the degree of mechanical anisotropy in terms of Thomsen parameters and ratio 
of horizontal and vertical Young’s moduli in organic-rich shales. 
1.2 Literature Review  
Vernik and Nur (1992) performed ultrasonic measurements under confining pressure using three- 
plug method (Figure 1.1) on shale samples from Bakken formation with very low porosity (0.65% - 1.97%), 
total organic carbon (TOC) between 4.9% and 20.1% by weight, and a diverse spectrum of maturities 
(hydrogen index (HI) values vary between 75 mg/g to 584 mg/g). Their study concludes that anisotropy 
can be caused by stress induced fractures, microcracks with preferred alignment, anisotropic nature of clay 
particle, and preferred orientation of flaky layers of clay minerals. Vernik and Liu (1997), expanded the 
research on factors that influence velocity and anisotropy phenomena using laboratory measurements of 
ultrasonic velocities on 69 cores from different shale formations under confining isotropic pressure (up to 
70 MPa or 90 MPa). The selected cores’ properties covered a wide range of TOC (0.02 to 20%), porosities 
(from <1% to about 30%), and maturation levels. Main goals of that research were to build an extensive 
database of physical properties for shales and study factors that influence velocity and anisotropy. Their 
finding confirmed that shales show significant mechanical anisotropy because of their organized 
distribution of platy clay minerals and abundance of compliant organic matter. The magnitude of intrinsic 




porosity equivalents caused by rearrangement of clay particles and, especially, smectite-to-illite 
transformation with rock diagenesis Vernik and Liu (1997), Vernik and Nur (1992), Prasad (2002), Vanorio 
et al. (2008), and  Ahmadov (2011) have confirmed that in addition to organic richness, the kerogen content 
and the discontinuous nature of organic matter in shales impact the velocities and anisotropy.  
Anisotropy in shales cannot be predicted accurately without careful multidirectional velocity 
laboratory measurements Wang (2002). Prasad and Manghnani (1997) and Wang (2002) presented methods 
for performing multidirectional ultrasonic velocity measurements on brine saturated shale samples, gas 
saturated sandstone, and carbonate samples using a single core. Wang (2002) showed that the P-wave and 
S-wave anisotropy estimated using Thomsen parameters decreased exponentially with increasing porosity.  
In a recent study by Sone (2012) the causes of mechanical anisotropy have been studied on samples 
from Barnett, Haynesville, and Eagleford formations with a wide range of mineral composition and kerogen 
varying between 0 to 12% by volume. The samples were cored horizontally and vertically to the bedding 
plane. Dynamic stiffness coefficients and static elastic properties, such as Young’s modulus and Poisson’s 
ratio were acquired in directions perpendicular and parallel to the bedding. Measurements were performed 
at room-temperature and drained conditions. Sone (2012) found that the dynamic moduli and the static 
Young’s modulus are stiffer parallel to bedding than in the perpendicular to bedding direction. Static 
Poisson’s ratio results were affected by limited resolution of strain gages, and measurement errors 
associated with two independent strain gages. Dynamic Young’s moduli in vertical and horizontal 
directions were approximated using isotropic equations for the Haynesville/Bossier shale samples only. 
When compared to horizontal and vertical Young’s moduli calculated using VTI assumptions, it was found 
that the errors, isotropic and between two results, are small (<5%). Sone (2012) developed a correlation 
between the degree of anisotropy and the combination of clay and kerogen volumes. Vanorio et al. (2008) 
studied the impact of the maturity of organic matter on the degree of anisotropy based on shale sample from 




and relates to two sources: composition and spatial arrangement of organic matter at immature-early mature 
window, and contribution of microfractures created during complex processes related to diagenesis. 
1.3 Technical Challenges 
In most laboratory analyses of elastic properties and mechanical anisotropy of rocks, the full elastic 
VTI tensor is not measured on a single core. The three-plug method is usually employed and the crucial C13 
stiffness coefficient is either measured with some unknown degree of error, approximated or simulated. 
This is due to technical difficulty of measuring compressional and shear velocities at precise 45° oblique 
angle to bedding under simulated in-situ conditions. However, Prasad and Manghnani (1997), Wang (2002), 
Dewhurst and Siggins (2006), and Woodruff (2013) have established that ultrasonic multidirectional 
measurements on a single core at the same pressure can be successfully performed.  
The most common problem during ultrasonic velocity measurement setup is contamination of the 
core specimens with hydraulic fluid during application of compressional pressure. Another typical issue is 
lengthy preparation time with epoxy and/or rubber tubing: the sample is partially damaged after the 
measurements, because it is sealed in the epoxy and each sample requires separate preparation making the 
measurements non-repeatable and partly dependent on sample preparation. Thus, there is a need for a more 
reliable and efficient laboratory setup to perform ultrasonic multidirectional velocity measurements under 
simulated in-situ condition on a single core. Such an improved setup will lead to a more accurate estimation 
of elastic stiffness coefficients, dynamic mechanical properties, and the degree of mechanical anisotropy. 
The main purpose for the newly designed and implemented core jacket holder is to be able to carry out 
acoustic velocity and complex conductivity experiments simultaneously on the cylindrical core plugs under 
confining pressure and pore pressure conditions in multiple directions. A detailed description of the new 
design of a core holder is provided in Chapter 2. 
In this study we investigate causes of anisotropy and further expand our knowledge on the effects of 
composition, geomechanical properties, and porosity on mechanical elastic properties and anisotropy in 




angle to the bedding plane, the C13 stiffness coefficient is not measured and Young’s moduli in vertical and 
horizontal directions are estimated using appropriate isotropic formulas for the calculation. I also look into 
quantifying a discrepancy between application of isotropic method and anisotropic method for estimation 
of Young’s moduli in vertical and horizontal directions.   
1.4 Thesis Organization 
Chapter 1 contains the introduction, literature review, problem statement and objectives of my 
research.  
Chapter 2 describes the available organic-rich shale specimens involved in this study, the detailed 
description of the new design of our core jacket holder, and background and laboratory procedure of various 
laboratory experiments. 
 Chapter 3 presents the direct results of different laboratory experiments described in Chapter 2. 
 Chapter 4 contains discussion of observed trends, discovered correlations and in results. 
Specifically, porosity evaluation by three different methods, development of trends, if any, between 
porosity and the abundance and maturity of organic matter in shales. Furthermore, the pressure dependency 
of dynamic elastic tensor, Young’s moduli and Poisson’s ratio, and the degree of anisotropy in terms of 
Thomsen parameters and ration of Young’s moduli in horizontal and vertical directions. Discrepancy 
between the VTI (true) and isotropic (false) estimation of Young’s moduli in vertical and horizontal 
directions. Lastly, the effects of clay, kerogen content and maturity on anisotropy and comparison of it to 
appropriate literature data. Finally, I speculate on the origin of the three individual core sets based on the 
mineralogy data. 





2 CHAPTER 2 MATERIALS AND METHODS 
In this chapter I provide a description of the mudrock core samples, methods, and experiments 
performed. The eleven shale rock sample plugs were 1.5 inches in diameter and had been provided by an 
oil and gas exploration company for this study. All eleven samples are divided into three sets: “L-set” - 4 
samples, “K-set” - 3 samples, and “C-set” - 4 samples.  
The information regarding formation names and well locations was kept confidential. Thus, one 
assumption that was made in the beginning of my research is that all three core sets should be treated as 
independent hydrocarbon producing formations.  
A list of the experiments performed on the core samples is provided below: 
 Photo images  
 Micro X-ray computed tomography (MXCT) and photo images 
 X-ray diffraction analysis (XRD) 
 Water immersion porosity (WIP) 
 LECO TOC and Source rock analysis (SRA) 
 Multidirectional ultrasonic velocity measurements under pressure 
 Pore characterization using nitrogen adsorption pore size distribution 
Detailed descriptions of all the experiments performed, their working principle and the procedure 
followed, as well as supporting background information is provided in the following sections 2.1-2.7. 
2.1 Micro X-ray Computed Tomography (MXCT) Analysis and Photo Images 
Photo images were taken using a camera upon receiving the core samples. They provide visual 
evidence of mechanical damages, color variation, presence of microfractures, and important information 
on the orientation of the bedding planes in the mudrock core samples. 
The Micro XCT-400 apparatus from XRadia was used to perform Micro X-ray Computed 




of objects as small as a few micrometers in size. This is based on the fact that X-ray attenuation is 
proportional to the product of a bulk density and the effective atomic number of each material (Van Geet 
et al. 2000). Hence, the MXCT provides information on the presence and distribution of different 
components in the mudrock core samples. The typical MXCT results are computer-generated orthogonally 
sliced grey scale images through the length of the core samples. Light grey regions represent higher X-ray 
attenuations, and dark grey regions are attributed to low X-ray attenuation.  
2.2 X-ray Diffraction (XRD) Mineral Analysis 
Bulk mineralogy was measured by X-ray Diffraction (XRD) for the L-set, K-set, and C-set by a 
commercial laboratory (Weatherford Laboratories). XRD analysis is used to detect crystalline compounds 
(minerals) based on their individual crystal structure. The principle behind this procedure is that X-rays are 
generated by a cathode ray tube, concentrated, and focused towards a crushed and powdered sample. The 
diffracted X-rays are identified, recorded, and processed by an X-ray detector. The processing of the 
diffracted X-ray waves are based on the Bragg’s Law, which relates the wavelength of electromagnetic 
radiation to the diffraction angle and the lattice spacing in a crystalline sample (Brady et al. 1997). The 
diffraction angle is the angle between the incident and diffracted rays. The d-spacing is the distance between 
adjacent planes of atoms. Because of the random orientation of the powdered material, all potential range 
of diffraction angles (2θ angles) is attained. Once the data is collected, the X-ray signal is converted to a 
count per second rate and results are presented on the crossplot called X-ray diffractogram in terms of 
counts per second (intensity) and diffraction angle (2θ angle in degrees) (Figure 2.1). Converting the peaks 
on the X-ray diffractogram to d-spacing facilitates identification of individual minerals that are present in 
the sample, because each mineral has a unique set of d-spacings. Furthermore, the appropriate d-spacing 
data are converted to mineral weight percent. It is important to note that the typical XRD measurement 





Figure 2.1: An example of the X-ray diffractogram for unknown powder sample. The peaks depict what 
angle the X-ray beam was diffracted by the crystal lattice of the mineral. The figure is adapted from Flohr 
(1997). 
 
2.3 Total Porosity by Water Immersion Porosimetry (WIP) Method 
Porosity is defined as the ratio of the void volume (space) in a porous medium to its bulk volume. 
Determining the porosity in mudrocks is not straightforward because of the presence of clay minerals and 
organic matter (OM). The L, K, and C set samples were analyzed for total water accessible porosity using 
Water Immersion Porosimetry (the WIP method) based on the Archimedes’ principle. The measurement 
protocol for the WIP method for mudrocks consists of five steps (Kuila and Prasad 2013). The general WIP 
procedure was slightly revised for this study to prevent initial expansion of the clay minerals which may be 
present in the shale samples. Initially, a small piece of about 5 grams was cut from the original mudrock 
core plug. Then, it was broken into 4 to 5 smaller size chips (approximately 1 to 2 grams by weight). Further, 
the chips were placed into a degas chamber under 20 in Hg (10 psi) vacuum pressure, heated to 200°F, and 
left for 24 hours. This procedure allowed any volatile hydrocarbons and adsorbed water on the surfaces of 




(DI) water. The sample was placed into a 10mL vial with a known weight and then transferred into a 
desiccator using a 1000 mL beaker. The desiccator was put under vacuum pressure of 15 in Hg (7.4 psi) for 
12 hours. Next, the DI water was introduced very slowly into the desiccator in such a way that the water 
droplets were dripping into the vial with a sample in it (inside the desiccator) at a rate of about 0.001 mL/sec. 
Once the sample was fully submerged in DI water (when the 1000 mL beaker was completely full), the 
desiccator was sealed off from the vacuum. The sample was left submerged in DI water to saturate for a 
period of three weeks. The next step was to measure the saturated sample weight in air (SatWtAir) and the 
submerged saturated sample weight in DI water (SatWtSub) using a conventional jolly balance setup and 
Archimedes balance respectively. The temperature of the DI water in the 1000 mL beaker was also 
monitored carefully with a thermometer for the entire duration of the experiment. The bulk density (𝜌𝑏𝑢𝑙𝑘) 




] × 𝜌𝑎𝑖𝑟  (2.1) 
The final step was to measure dry weight (DryWtAir) of the samples under atmospheric conditions. 
The samples were placed into the vacuum under a 20 in Hg oven at 200°F for 24 hours for a second time. 
The HX204 Moisture Analyzer was used to heat up the sample up to 200°F, monitor, and record the 
sample’s weight during the experiment, allowing the acquisition of a completely dry sample weight in 




] × 𝜌𝑎𝑖𝑟  (2.2) 
Lastly, the total porosity (𝜑𝑡𝑜𝑡𝑎𝑙) of the sample in units of percentage of void space is measured by 








Clearly, the accuracy of the WIP method strongly depends on the degree of saturation of the rock 
chips. The reason behind the choice of DI water as a saturating fluid for this experiment is its high 
penetration coefficient. Also, it is important to point out the assumption that grains of the shale rock chips 
are water wet.  
2.4 LECO TOC and Source Rock Analysis 
LECO Total Organic Carbon (TOC) and Source Rock Analysis (SRA) pyrolysis experiments were 
performed on all mudrock core samples individually by a commercial laboratory (Weatherford 
Laboratories). These experiments aid in evaluating organic matter-richness, source rock potential, and type 
of kerogen. Total Organic Carbon (TOC) is the measure of concentration of organic matter in source rocks 
and is presented in terms of weight percent of organic carbon. It is an indicator of the source rock potential. 
To obtain TOC values of mudrock samples, the direct-combustion technique is employed. A sample of 
approximately 1 gram is crushed and treated to remove any contaminants. Next, the sample is heated up to 
1200°C using a high-frequency induction furnace. An infrared detector (ID) identifies converted CO and 
CO2 gasses from the kerogen and uses these values to calculate TOC. It is important to note that TOC 
represents a quantitative, and not qualitative, measure of organic matter.  
A common process for SRA pyrolysis analysis comprises several steps. A mudrock sample is 
crushed, cleaned, homogenized, sieved to 60 mesh, and weighed before it is exposed to consecutive stages 
of heating with a predetermined temperature rate in an inert atmosphere in a pyrolysis oven. The first stage 
is to heat up the core sample to 300°C and hold the temperature constant for several minutes. This will 
allow free hydrocarbons in the core sample to volatilize and be recorded by a flame ionization detector 
(FID) as an S1 peak. The next step is to further increase the temperature from 300°C to 550°C at a constant 
rate. This step is associated with volatilization of the heavy hydrocarbon compounds as well as cracking of 
the nonvolatile organic matter. The hydrocarbons released during this stage are captured by the FID and 





Figure 2.2: An example of pyrogram and schematic of SRA analysis cycle adopted from a Rock Eval 





of producing hydrocarbons in a rock with continued maturation. The temperature at which the S2 reaches 
its maximum value, referred to as Tmax, is an indicator of the maturation of the kerogen. The CO and CO2 
gasses which are discharged from kerogen cracking in the 300°-390°C range are detected by an infrared 
detector (IR). They are recorded as a S3 peak in mg per gram of rock and represent the amount of oxygen 
in the kerogen. All the results are typically displayed on a plot, the so-called pyrogram (Figure 2.2). The 
SRA measurements allow us to compute parameters such as Hydrogen Index (HI), Oxygen Index (OI), and 
Production Index (PI). HI is computed as 100*S2/TOC, OI is defined as 100*S3/TOC, and PI represents 
the evolution of generated hydrocarbons as S1/(S1+S2). 
2.5 Laboratory Setup for Ultrasonic Velocity Measurements 
The basic principle of benchtop ultrasonic velocity measurements of core samples is uncomplicated. 
The system consists of a pulser-receiver setup and a digital oscilloscope. The pulser creates an electrical 
signal which is transformed into acoustic energy using a transmitting piezoelectric transducer. This 
transducer is attached to the surface of the core sample being measured. Once acoustic energy is transmitted 
through the material (shale core plug in our case), the acoustic energy is converted back into electrical 
energy through a receiving transducer. The signal is digitized and stored as a wave form (amplitude over 
time) during the measurement procedure using a digital oscilloscope. Figure 2.3 depicts compressional and 
shear acquired waveforms. The signal arrival time at the receiving transducer is picked from the first break 
of the acquired waveform. Velocity through the rock sample is calculated from initially measured distance 
between transmitter-receiver transducers and the picked arrival time of the signal. 
To simulate in-situ condition and measure compressional and shear velocities in multiple directional 
simultaneously in the lab, we used an ultrasonic setup with following components (Figure 2.4): steel 
pressure vessel (rated up to 20,000psi) filled with low compressibility and low conductivity mineral oil to 
apply confining pressure to tested core sample; ISCO syringe pressure pump (model 100DM) generate and 





Figure 2.3: Simultaneously acquired compressional and shear  acoustic waveforms on a shale core in 0°, 
45°, and 90° directions to bedding plane. Waveforms are adjusted to the same initial trigger time for 
better visual comparison. 
 
 
Figure 2.4: Laboratory setup to perform ultrasonic velocity measurements under elevated pressures. 
Trigger source (1 MHz frequency) to create signal, oscilloscope to view and record waveforms, and 
pressure vessel rated up to 10,000 psi to create confining pressure acting on the core sample are shown. 
Pressure in vessel is controlled by ISCO pump rated up to 10,000 psi (not shown). The PLP core jacket is 





and digitize compressional and shear waveforms; a pulser source, which generates high voltage and 
transfers current exciting ringing in 1MHz piezoelectric transducer crystals; and, finally, specifically 
designed PLP core jacket holder with piezoelectric transducers attached to it (Figure 2.4). 
Detailed description of the PLP core jacket is presented in the next section. Velocities are calculated 
from known diameter of the core sample, delay time of the PLP core jacket, and acquired travel time 
between the pulser and the source and receiver piezoelectric transducers attached to main body of the PLP 
core jacket holder. 
2.6 Design of the Core Jacket Holder  
In this section, I describe a new design of a core jacket holder. This design incorporates not only 
multidirectional acoustic velocity measurements, but also multidirectional complex resistivity 
measurements. I will not elaborate on the details of complex resistivity measurements because it is outside 
the scope of this study. The name of the invention is attributed to the inventors’ last names: Panfiloff A., 
Larson R., and Prasad M., thus the core jacket holder is abbreviated as "PLP". Appropriate paperwork has 
been recently filed in association with Colorado School of Mines for a provisional patent. The PLP core 
jacket holder was designed to accommodate multidirectional velocity and complex resistivity 
measurements, improve quality of the acquired waveforms, and mitigate existing challenges associated 
with velocity and complex conductivity measurements under pressure. A main challenge to overcome in 
the design process of the PLP core jacket was a prevention of the hydraulic fluid contaminating a core 
sample while being tested under confining pressure inside the steel vessel.  
The motivation to design a method and implement a core jacket holder came from the literature 
review on similar laboratory setups by Prasad and Manghnani (1997), Wang (2002), Sone and Zoback 
(2013), Dewhurst and Siggings (2006), and Woodruff (2013). In the most recent design of a core holder 
(Woodruff, 2013), the P-wave and S-wave piezoelectric crystals are glued directly onto the cylindrical core 
specimen with Ag-Cl epoxy. Plastic endcaps are attached to both flat ends of the cylindrical core sample 




from Woodruff 2013). The insulated and labeled copper wires are soldered to the piezoelectric transducers 
prior to being fed through the openings in the top endcap. The other ends of the wires are connected to the 
appropriate oscilloscope and pulser sources. The sample, sitting between the two endcaps, is coated with 
flexible epoxy to isolate it from exposure to the hydraulic fluid. This design did not provide a consistent 
seal against contaminants. Occasionally, the hydraulic oil leaked into the core under elevated pressure, 
either along the wires or through the flexible epoxy interval leading to contamination and partial saturation 
of the rock core sample with mineral oil. 
 
Figure 2.5 Design of a core jacket holder by Woodruff (2013). This design depicts an approach of using a 
flexible rubberized epoxy to isolate core sample from hydraulic oil. Transducer wires are fed through the 
openings in the top endcap (right side end cap in the image). The design has been proven to have 
shortcomings in terms of long preparation time and sample destruction during measurement. 
 
In the new design (Figure 2.6 and Figure 2.7), the core jacket consists of a hollow cylinder made of 
composite plastic material. Three piezoelectric transmitter and receiver pairs each of compressional and 
shear piezoelectric crystals are glued with Ag-Cl conducting epoxy onto the thin walled portion of the main 
body of the core jacket. Transmitters located at exact angles of 0°, 45°, 90°, and receivers at 180°, 225°, 
and 270° along the circumference of the core holder allow us to measure the full stiffness tensor for a VTI 
medium. Copper wires are also glued with Ag-Cl epoxy onto the center of each piezoelectric crystal. The 





Figure 2.6 The sketch of the PLP core jacket holder design presented using Solidworks software. The 1.5” 
core sample (dark grey color) is inserted into the core jacket (yellow color). The core sample is inserted 
into a flexible plastic sleeve. Compressional and shear piezoelectric transducers (1 MHz P and S crystals) 
are glued onto the outside surface of the flat areas of the sleeve. A plastic-glass compound type of 
material was used in the fabrication of endcaps and proved to be a success in providing necessary 
integrity to withstand high confining pressures. 
 
such way that the polarization direction is focused along the height of the core jacket. Several coats of five 
minute epoxy are applied over the piezoelectric crystal surfaces to protect against wear and degradation. 
Ag - AgCl resistivity electrodes are glued into extruded cylindrical shaped bosses on the wall of the core 
holder such that the tips of electrodes touch the cylindrical core inside the core jacket. The end of the Ag-
AgCl electrode wires are soldered to a male pin connector. Finally, five minute epoxy is applied over 





Figure 2.7 The sketch of the PLP core jacket design (patent pending) in several projections. All dimensions are in mm and can be adjusted to 




neered groves for o-rings to seal the end caps (Figure 2.5 and Figure 2.6). The end caps have a threaded 
opening 3/8” in diameter that allows connection access for a pore pressure line to perform measurements 
under pore-pressure conditions. Once the cylindrical core plug is inserted into the PLP core jacket, the 
endcaps are pushed in place from each side of the main body part. The o–rings seal the region inside the 
core jacket from outside the core jacket to prevent hydraulic fluid leaking into the core jacket.  
 This PLP core jacket was first calibrated with 1.5 in. aluminum cylindrically shaped sample. The 
delay time due to plastic material between transducer and the actual tested cylindrical core was calculated 
for each pressure step and applied to estimation of velocities on shale core samples in this study. 
2.6.1 Elastic Theory for Vertical Transverse Isotropic (VTI) Medium (Thomsen, 1986) 
External forces acting on a body lead to deformation and a change in size and shape. At the same 
time, internal forces counteract and resist the change in size and shape. Once the external force is released, 
if the continuum returns to its original shape and volume, it is called elastic. Most sedimentary rocks behave 
as quasi-elastic material under small stress application and can be described by Hooke’s Law of linear 
elasticity theory. It states that the resulting strain is proportional to applied pressure. In a very general form, 
Hooke’s law expressed in terms of fourth-rank stiffness tensor is: 
𝜎𝑖𝑗 = 𝐶𝑖𝑗𝑘𝑙 𝑘𝑙 with i,j,k,l = 1,2,3 (2.1) 
This stiffness tensor combines relations between applied stress and resulting deformation (strain) and 
consists of 81 stiffness coefficients. However, because of the symmetry of stress and strain the number of 
independent entries reduces to 36 entries:  
 𝐶𝑖𝑗𝑘𝑙 = 𝐶𝑗𝑖𝑘𝑙 = 𝐶𝑖𝑗𝑙𝑘 = 𝐶𝑗𝑖𝑙𝑘 (2.2) 
It is useful to use the Voigt notation, which simplifies stiffness tensor to 6 x 6 stiffness matrix CIJ, 







Figure 2.8: Vertically transverse isotropic medium and prefered orientation of bedding plane orthogonal 
to axis of summetry, X3. The five independent stiffness coefficients are shown. C11 is the horizontal 
compressional moduli, C33 is the vertical compressional moduli, C44 is the vertical shear moduli 
polarized horizontally (parallel to bedding), C66 is the horizonatal shear moduli polarized horizontally, 
and C13 is the stiffness coefficient derived directly from compressional velocities in 0°, 45°, 90° 
directions and shear velocity in orthogonal direction to bedding plane.  
 
Stiffness coefficients are derived from the acquired compressional and shear velocities in three 
directions, 0°, 45° , and 90° degree angles to bedding plane of the samples. In this study they are termed as 
the horizontal, oblique, and vertical directions respectively. The full stiffness tensor for VTI medium, and 





























 𝐶11 = 𝜌𝑉𝑃0𝟐 (2.5) 
 𝐶33 = 𝜌𝑉𝑃90𝟐 (2.6) 
 𝐶44 = 𝜌𝑉𝑆90𝟐 (2.7) 
 𝐶66 = 𝜌𝑉𝑆0𝟐 (2.8) 
 𝐶12 = 𝜌(𝑉𝑃0
𝟐 − 𝑉𝑆0
𝟐) (2.9) 

















2.6.2 Elastic Anisotropy 
In the fundamental work on the weak elastic anisotropy, Thomsen (1986) elaborated on the 
importance of considering the most occurring type of anisotropy in sedimentary rocks, the vertical 
transverse isotropy (VTI). Anisotropy in sedimentary rock sequences may be caused by preferred 
orientation of anisotropic minerals (massive shale formations), and preferred orientation of anisotropic 
minerals, such as flat-lying platelets, preferred orientation of cracks, such as parallel cracks, or vertical 
cracks with no preferred orientation (Thomsen 1986). Anisotropy can also be caused by stress-induced 
fractures, microcracks with preferred orientation, and lenticular shaped shale (Vernik and Nur 1992; Vega 
2003). 
Typically, estimation of anisotropy require measurements of compressional and shear velocities in 
0°, 45°, and 90° direction to bedding plane. Often, it is very challenging to obtain these velocities at a 
precise 45° angle because of the classic three plug approach, where accurate coring at a 45° angle can be 




sample with a small enough angular error. The newly designed PLP core jacket eliminates issues described 
above because of the placement of piezoelectric transducers onto precisely machined dedicated flat spots 
on the main body of the core jacket in 0°, 45°, and 90° angles. There are three main parameters, which 
quantify the degree of anisotropy with assumption of VTI medium. The Ɛ and ɣ parameters describe P-
wave and S-wave velocities anisotropy, respectively. The δ parameter is controlled by low angle velocity 











2 − (𝐶33 − 𝐶44)
2
2𝐶33(𝐶33 − 𝐶44)
      (2.13) 
 
2.6.3 Dynamic Mechanical Properties 
Important geomechanical properties, such as Young’s moduli, Poisson’s ratios, bulk modulus (K), 
and shear moduli (G) were calculated from the directly measured five stiffness coefficients per individual 
shale core sample with an assumption of VTI medium. Young’s moduli and Poisson’s ratio are the two 
most important geomechanical parameters generally used in hydraulic fracturing planning operations and 
analysis of wellbore stability due to changes in pore pressure and of in-situ stresses. It is crucial to take into 
account anisotropic nature of shales and accurately estimate these parameters. 
Young’s moduli parallel to bedding, Εhorizontal and perpendicular to bedding, Εvertical, are calculated 



















With regard to Poisson’s ratio, there are three directions that need to be considered for VTI medium. 
Poisson’s ratio, υ31, is an absolute measure of the strain in the direction perpendicular to the axis of 
symmetry, X3, (Figure 2.7) divided by the strain in the directions parallel to the axis of symmetry.  




Poisson’s ratio, ϑ12 is the absolute value of the transverse strain in the direction parallel to the bedding 
plane divided by the longitude strain in the same direction (perpendicular to axis of symmetry).  





Poisson’s ratio, ϑ13, is a measure of the strain in the direction parallel to the axis of symmetry divided 
by the strain in the direction parallel to the bedding plane: 
 𝜐13 = 𝜐23 =
𝐶13(𝐶11 − 𝐶12)
𝐶11𝐶33 − 𝐶13





In order to investigate the degree of anisotropy in Young’s modulus and Poisson’s ratio the following 








Response of an elastic material to hydrostatic confining pressure is described by the bulk modulus, 
K. It is a measure of the degree of stiffness or the energy needed to yield a given volume deformation. For 
vertical transverse isotropic materials, applicable to shale samples in our study, it is calculated as follows 
(King, 1964): 
  𝐾 =
𝐶33(𝐶11 + 𝐶12)
𝐶11 + 2𝐶33 + 𝐶12 − 4𝐶13
 (2.21) 
Shear modulus of the material, G, is representative of modulus of rigidity. Thus, this coefficient of 
elasticity is concerned with deformation of material when it experiences a shearing force. Shear moduli is 
based on the principle that it is controlled by the shear velocity and bulk density. In case of VTI medium, 
shear moduli are calculated with respect to vertical and horizontal orientation.  
2.6.3.3  𝐺𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙 = 𝐶44 (2.22) 
2.6.3.4  𝐺ℎ𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙 = 𝐶66 (2.23) 
Elastic mechanic properties described above in this chapter are calculated with an assumption of VTI 
medium, and results are presented in the next Chapter 3.  
2.7 Pore Characterization by Nitrogen Adsorption Analysis 
The subcritical nitrogen gas adsorption method was applied to characterize porosity, pore size 
distribution (PSD), and specific surface area (SSA) in provided shale core samples. The principle of the 




relative equilibrium adsorption pressure (P/P0) range of 0.075-1.0 at a constant temperature (Kuila 2013). 
P is absolute equilibrium pressure, and P0 is condensation pressure of nitrogen at laboratory conditions. The 
amount of precipitated nitrogen molecules on the grain surfaces is recorded, analyzed, and reported in terms 
of volume of adsorbed gas as a function of relative equilibrium pressure, called isotherm. The shape and 
hysteresis pattern of the isotherm gives insight into different types of interactions between nitrogen 
molecules and adsorbent matrix. There are six types of isotherms and four types of hysteresis patterns 
according to International Union of Pure and Applied Chemistry (IUPAC). Only two types of adsorption-
desorption isotherms are relevant to this study because of the pore size nature of mudrock samples (Kuila 
& Prasad, 2013). The non-porous and macroporous (pore sizes greater than 50 nm) medium attributes to 
Type II isotherm (Figure 2.9 (A)), and purely mesoporous (pore sizes between 2 nm and 50 nm) adsorbent 
material experiences a Type IV isotherm profile (Figure 2-8 (B)). The specific surface area is calculated by 
inversion of adsorption isotherms using a proposed theory by Brunauer, Emmet, and Teller (BET). The 
BET theory determines the monolayer capacity first and then translates into SSA with assumption of an 
average cross-sectional area of 0.162 nm2 (Kuila et al. 2012). Pore size distribution is assessed by Barrett, 
Joyner, and Halenda (BJH) theory. The BJH theory is based on the assumption that pores are cylindrical in 
shape, and pore size is the sum of the Kelvin radius and the thickness of the film adsorbed on the pore wall 
(Barrett et al. 1951). In this study, porosity of the shale samples is calculated as a ratio of BJH pore volume 
and WIP bulk volume per unit of mass and multiplied by 100.  
The nitrogen adsorption experiment and acquisition of data were performed on the Micromeretics 
ASAP 2020 laboratory surface area analyzer and MicroActive DataMaster software respectively. 
Prior to the experiment, approximately 2 grams of each sample is crushed, sieved, and dried in a 
vacuum oven at 60°C for approximately 24 hours. Next, the individual sample powder was placed into 
analyzing glass tubes, weighed and inserted into the Micromeretics ASAP 2020 degas port for 
approximately 12 to 24 hours where it is degassed under 10 μm Hg vacuum at 200°C to take out any 




analysis port of the instrument to perform a collection of adsorption-desorption isotherms. Porosities were 
calculated by using measured pore and bulk volume. The results are discussed in detail in the next chapter. 
 
Figure 2.9: Example of Type II (A) and Type IV (B) isotherms which are associated with shale rocks 









3 CHAPTER 3 RESULTS 
The main objective of this chapter is to organize experimental data and report obtained results for L-
set, K-set, and C-set shale samples. Photo images and X-ray computed tomography data are presented in 
section 3.1. Detailed bulk minerology results obtained from Weatherford Labs for shale samples are shown 
in Section 3.2. The WIP total porosity, bulk and grain densities are presented in Section 3.3. Geochemical 
results obtained from LECO TOC and SRA analysis are depicted in Section 3.4. Outputs of multidirectional 
ultrasonic velocity measurements under pressure are described in Section 3.5. Specific surface area, pore 
size distribution, and calculated porosity based on nitrogen adsorption method are reported in the Section 
3.6 
3.1 X-ray Computed Tomography (CT) and Photo Images 
X-ray Computed Tomography (CT) imaging data and photo images were acquired on the eleven 
mudrock samples. Obtained results provide information on the quantity, length and direction of mechanical 
microfractures present in the mudrock samples. Also, visual observation shows the bedding plane 
alignment, calcareous patterns, and presence of possible pyrite insertions.  
The sample K2 has a distinct presence of chemically altered mineral laminations parallel to the 
orientation of the foliation planes. The main feature of the sample K3 is the existence of decompressed 
fractures partially filled with either calcite mineral or some kind of temperature and pressure altered 
chemical compound with higher density in comparison to the main matrix. The photo images of the sample 
K3 provide evidence of that as well. The sample K5 has different visually depicted features in comparison 
to the rest of the K-set samples described above. One distinct feature is the presence of two large fractures 
parallel to the bedding planes on the opposite edges of the sample. One of these fractures has a pronounced 
appearance of higher density mineral insertion (Figure 3.1, K5). Also, there is evidence of a mechanical 





Figure 3.1: X-ray Computed Tomography (CT) scan cross-section images (top row) detail the anisotropic 
nature of the mudrock K-set core samples. The CT scan images were taken through the middle of the 
sample’s height. Dark linear thin lines represent decompressed mechanical fractures and are noted as “F”;  
light-grey linear streaks (K2 sample) and dispersed bright spots represent locations filled with either 
pyrite mineral or chemically altered compound and are pointed to by red color arrows. General subtle 
variety of grey striations represent bedding planes’ alignment. General photos of core samples (bottom 
row images) as received are clearly showing bedding planes’ alignment as well. Note that the K5 shale 








The L-set shale samples show fewer light-grey spots than the K-set. These spots are indicative of 
pyrite mineral. The presence of light-grey linear striations are representative of bedding planes filled with 
calcite. The L-set shale samples contain decompressed fractures. The sample L3 has the fracture with the 
greatest aperture, and sample L4 has fewer fractures. Decompressed fractures are oriented in the direction 
of foliation planes for all L-set samples (Figure 3.2).  
The C-set core samples have in general a lower aperture of the cracks in comparison to L-set and K-
set samples. The cause of fractures is most likely mechanical decompression upon or during retrieval of the 
core samples to the surface. The presence of calcite is distributed sparsely as the few individual bright dots 
on CT-images. Overall, C-set has the highest mechanical integrity based on CT-scan and photo images 
(Figure 3.3). 
 
Figure 3.2: X-ray CT scan images and photo images of the L-set mudrock samples. The main observed 
feature for all L-set samples is the presence of micro-fractures and their alignment with the bedding plane. 





Figure 3.3 X-ray CT scan images for C-set core samples. The samples have some visible fractures based 
on photo images. CT scan images provide the evidence of the  presence of a few microfractures. Red 
color arrows point to bright spots, wich are representative of pyrite or diagenetically altered chemical 
compounds .  
 
3.2  X-ray Diffraction (XRD) Results 
Direct measurement of the bulk mineralogy for L-set and K-set mudrock core samples is acquired 
from two independent X-ray diffraction (XRD) service providers. One service provider is Weatherford 
Labs (W) and another one is Mineral Lab (M) in this study, I use bulk XRD results from Weatherford Lab 
(Table 3.1) and ternary diagram (Figure 3.4) to present the mineralogy data. 
C-set samples have clay content between 32% and 38% by weight, pyrite content of 3% by weight 
on average, and carbonate from 33% to 40% by weight. In contrast, K-set core samples have the highest 
carbonate content between 50% and 60% by weight, and lowest clay content between 21% and 27%. The 





from 19% to 42%; the carbonate content varies between 32% and 49%, and pyrite content is 3% to 4% by 
weight. The quartz content for L-set and C-set is very similar in nature and on average 23.2% and 25% 
respectively. K-set has a lower quartz content compared to results for the other two core sets, and it is 17.3% 
on average.  
It is beneficial to present XRD bulk mineralogy data results using a ternary diagram. The results of 
L-set, C-set, and K-set core sample sets are shown in Figure 3.4. The C-set data are grouped together. On 
the other hand, the L-set data have a large spread among the samples. The K-set results are clustered 
together except K5 sample which has the highest carbonate content of around 60% by weight.  
3.3 WIP Results 
The WIP results present data on bulk density, grain density, and porosity estimation for each shale 
sample (Table 3.2). The average bulk density for C-set is 2.54 g/cc, for K-set 2.50 g/cc, and L-set 2.35 g/cc. 
The average grain densities for C-set, K-set, and L-set are 2.62 g/cc, 2.53 g/cc, and 2.435 g/cc respectively. 
The L-set has the highest porosity on average (6.15%), the C-set has an average porosity of 5.2%, and K-
set has the lowest porosity of 1.9% on average.  
 
Table 3.2: Bulk density, grain density, and estimated porosity are presented for 11 shale core samples 












C1 2.54 2.63 5.4
C2 2.52 2.61 5.6
C3 2.53 2.60 4.6
C5 2.55 2.64 5.0
K2 2.47 2.50 2.3
K3 2.46 2.50 2.7
K5 2.58 2.61 1.9
L1 2.36 2.44 5.6
L2 2.35 2.47 8.3
L3 2.35 2.42 5.3





3.4 Geochemical Results 
The L-set samples show greater values of TOC (between 4.4% and 5.9% by weight), which is 
representative of notable abundance of organic matter. Mudrock samples from K-set represent slightly 
lower TOC values and vary between 3.6 and 3.9 percent by weight. TOC results for C-set core samples 
show lowest values of organic matter (between 2.5% and 3.0% by weight). 
Table 3.3: Source rock analysis results for L-set, K-set, and C-set shale core samples 
 
One of the most beneficial interpretation methods of classifying source rock potential is a graphical 
representation of a maximum temperature (Tmax) at S2 peak as a function of hydrogen index (HI). This 
diagram is useful because it helps to describe four maturation pathways of source rocks and asses maturity 
with respect to oil and gas windows (Figure 3.5). The L-set core samples are located in the interval of oil 
window, and indicative of kerogen type II and type III. This is supported by values of Tmax, which fall into 
interval between 435°C and 450°C. The C-set samples have are located in the condensate window which 
suggests that they are of gas prone type III kerogen. This is reinforced by low HI and high OI values 
respectively. The K2 and K3 mudrock samples fall into type IV kerogen, which is representative of oxidized 
plant remains and fragmentary charcoal derived from forest fires. These samples most likely have no 
hydrocarbon potential from a reservoir source rock stand point, but still can contain producible dry gas. The 
K5 sample belongs to the condensate window and most probable to kerogen type III-IV.  
Sample














C-1 2.5 1.3 1.9 0.5 460.3 73.7 19.9 3.7 53.4 0.4
C-2 2.5 1.3 3.0 0.4 456.7 122.1 14.9 8.2 53.4 0.3
C-3 3.0 1.5 2.1 0.4 463.3 68.4 14.0 4.9 50.8 0.4
C-5 3.0 1.6 2.8 0.4 461.6 94.3 11.7 8.0 53.0 0.4
K-2 3.6 2.4 1.2 0.4 480.0 34.6 12.0 2.9 66.2 0.7
K-3 3.9 1.9 1.3 0.4 489.7 32.5 8.9 3.7 47.5 0.6
K-5 3.6 2.0 1.8 0.9 469.1 50.7 24.7 2.1 55.4 0.5
L-1 4.4 7.0 9.7 0.3 445.6 220.0 7.5 29.3 160.1 0.4
L-2 5.4 8.6 10.8 0.5 442.8 199.1 8.7 22.9 159.0 0.4
L-3 5.5 8.0 10.6 0.4 446.8 193.4 6.6 29.3 145.6 0.4





Figure 3.5: Crossplot depicts hydrogen index (HI) vs Tmax as a function of hydrogen index (HI) organic 
maturity, kerogen type. The plot helps identifying which of the mudrock samples are in oil, oil-gas 
(condensate), or dry gas windows.  
 
3.5 Multidirectional Compressional and Shear Velocities as a Function of Pressure 
 In this section I will cover obtained results and observed effects of the ultrasonic compressional and 
shear velocities in three essential directions as a function of confining pressure. The three prime directions 
in this experiment are the following: horizontal, oblique 45 degree angle, and vertical, which are 0°, 45°, 
and 90° respective to the bedding plane and the primary micro- and stress induced fractures’ orientation 
direction of the mudrock samples. In the following paragraphs, typically observed trends for compressional 





Firstly, I discuss the results for K-set samples (Figure 3.6). The general trend for all K-set samples 
is that the compressional and shear velocity in all three primary directions goes up with an increase in pres- 
 
Figure 3.6 Compressional and shear velocity as a function of confining pressure in horizontal (0 degrees 
to bedding plane), vertical (90 degrees to bedding plane) , and 45 degrees oblique angle to bedding plane. 
(A) Results for sample K2. (B) Results for sample K3. (C) Results for sample K5. 
 
sure. Quantitatively, the velocity gain in percentage is computed between 0 MPa (initial state at atmospheric 
condition) and 27.6 MPa. The gain for compressional velocity in the horizontal direction is 3.8%, 2 %, and 
3% for samples K2, K3, and K5 respectively. There is a similar shear velocity gain in the horizontal 






acquisition issue. Finally, the shear velocity gains in the vertical direction are 34.6%, 64.4%, 48.1%, and 
45.6% for samples C1, C2, C3, and C5 respectively. 
   
 
Figure 3.7: Compressional and shear velocity as a function of confining pressure in horizontal direction, 
vertical direction, and 45 degrees oblique angle to bedding plane. (A) Crossplot representing results for 
sample C1. (B) Crossplot for sample C2 data. (C) Crossplot showing results for sample C3. (D) Crossplot 






The L-set data results draw resemblance to C-set (Figure 3.8). But, I observed that the 
compressional velocity in horizontal direction is greater for C-set samples. There is a presence of greater 
hysteresis with a change in direction from horizontal to vertical, which is a common occurrence for C-set 
and K-set. The compressional velocity gain percentage in horizontal direction for L1 sample is 2.5%, for 
L2 sample is 4.3%, for L3 sample is 1.6%. Compressional velocity gain percentage in 45 degrees direction 
is 19.4% for sample L1, 11.5% for sample L2, 47.2% for sample L3, and 36.7% for sample L4.  In vertical 
 
 
Figure 3.8 Compressional and shear velocities as a function of confining pressure and direction. (A) 
Crossplot of results for sample L1. (B) Crossplot of results for sample L2. (C) L3 data crossplot. (D) 






Table 3.7: Results of nitrogen adsorption analysis for 11 shale samples in terms of surface area, pore 
volume, and general average pore size for C-set, L-set, and K-set shale samples. 
 
It is useful to invert nitrogen adsorption isotherms and present the PSD results as a function of the 
derivative of the pore volume (dv/dlog (D), v: pore volume). This approach is helpful to identify the nature 
of pore diameters present in the shale samples. The K-set shale samples clearly show a bimodal pore size 
distribution with a negligible micropores peak at < 2 nm and a major peak at 10-100 nm, which is indicative 
of mesopores and macropores (Figure 3.A). The PSD from the C-set depicts a bimodal PSD at a peak of 
10-200 nm. This is indicative of greater quantity of meso- and macropores presence. The L-set clearly 
shows distinctive differences in comparison to the K-set and C-set. It has a unimodal distribution and 
depicts significant peaks at 20-100 nm for all L-set samples, except the L2 sample. The PSD for the L-2 
sample indicates a presence of pores greater than 200 nm, which is the detection ceiling of the nitrogen 
adsorption ASAP 202 instrument. It is important to note that the L2 sample has the highest clay content out 





















C-1 8.752 0.019 13.4 0.394 4.9
C-2 7.695 0.019 13.5 0.397 4.7
C-3 10.875 0.022 12.2 0.395 5.6
C-5 7.524 0.017 13.5 0.392 4.4
K-2 10.771 0.026 13.7 0.406 6.4
K-3 11.626 0.026 11.4 0.407 6.4
K-5 10.345 0.023 10.9 0.388 5.8
L-1 6.643 0.029 17.4 0.423 6.9
L-2 4.085 0.030 22.5 0.426 7.1
L-3 6.862 0.029 15.9 0.426 6.8





Figure 3.8: The pore size distribution of the C-set, L-set, and K-set shale samples. Weight percent bulk 
minerology in terms of clay, quartz, and carbonate contents are presented for each sample. The K-set (A) 
and C-set (B) show bimodal PSD with negligible micropores < 2 nm, and a major peak at 10-100 nm and 
10-200 nm pore diameters respectively. The L-set presents unimodal distribution because of a very 
distinct PSD peak between 20 nm and 100 nm. The results for the sample L4 stand out with a more 
pronounced peak, indicating even greater pore diameters > 200 nm, which is above the detection limit of 




4 CHAPTER 4 DISCUSSION 
In this chapter I will elaborate on the trends and correlations discovered in this study. First, I will 
compare porosity estimations based on three different methods (Section 4.1) and show correlations of each 
porosity method with abundance and maturation of the kerogen (Section 4.2). Next, I will present the 
general response of the elastic constants to the increase in confining pressure (Section 4.3). I will then 
discuss quantitatively the impact of shales anisotropy on their geomechanical properties under simulated 
in-situ conditions by comparing elastic mechanical moduli in vertical and horizontal directions (Section 4.4 
and Section 4.5). I will analyze the anisotropy in terms of Thomsen parameters as a function of confining 
pressure (Section 4.6). Additionally, I will quantify the difference between the degree of anisotropy (Eh /Ev) 
estimated with isotropic equations and true vertical transverse isotropic equations (Section 4.7). Also, I will 
investigate the effects of clay on the anisotropy in shales (Section 4.8). I will investigate the effect of 
maturity on the anisotropy and combine my results with literature data (Section 4.9). Finally, I will compare 
XRD bulk mineralogy results for L-set, K-set, and C-set shale samples to literature XRD results to speculate 
on potential origins of the core samples involved in this study (Section 4.10). 
4.1 Porosity Evaluation 
The porosity for all shale core samples was estimated using three different methods, WIP, nitrogen 
adsorption, and calculations based on the grain density calculated from appropriate volumetric constituent 
for each mineral from XRD results. These results are plotted in Figure 4.1 to show the variation and 
uncertainty in porosity estimates. Although the nitrogen adsorption porosity is limited to pore diameter 
sizes up to 200 nm size because of the limitations, it does take into account kerogen porosity. The WIP 
porosity estimates represent the pore space accessible by water. The porosity estimates based on XRD bulk 
mineralogy has a few uncertainties: the sample shapes are not perfect cylinders; the height and diameter 
measurements can have measurement uncertainties; and XRD bulk mineralogy results have errors (about 





The comparison of the porosity estimated with the nitrogen adsorption and WIP methods is shown 
in Figure 4.1: Comparison of results for porosity estimation for L-set, K-set and C-set shale core samples 
based on the WIP method, nitrogen adsorption method, and the XRD bulk mineralogy.. Porosities for the  
 
Figure 4.1: Comparison of results for porosity estimation for L-set, K-set and C-set shale core samples 
based on the WIP method, nitrogen adsorption method, and the XRD bulk mineralogy.(A) shows 
crospplot of the WIP porosity and nitrogen adsorption porosity. (B) depicts comparison of the XRD 
porosity and WIP porosity. (C) illustrates the comparison of the results between XRD porosity and 





C-set samples estimated by both methods are in good agreement. The higher nitrogen adsorption porosity 
in the L1, L3, and L4 and K-set shale samples as compared to the WIP porosity can be explained by their 
higher kerogen content. According to Kuila and Prasad (2013), the higher penetration coefficient of the DI 
water makes it the best choice of saturating fluid, thus, resulting in good estimation and repeatability of the 
WIP porosity results. However, for samples with higher kerogen content with hydrophobic pore network, 
the DI water might not access organic matter hosted pore system resulting in underestimation of porosity 
in comparison with nitrogen adsorption porosity. Comparison of the XRD porosity and WIP porosity shows 
that XRD porosity is slightly higher for K-set, L1, L3, L4, and C3 shale samples (Figure 4.1 C). This 
observation can be potentially explained by the uncertainty associated with XRD bulk mineralogy 
laboratory procedure, and also, the fact that the core samples used in XRD, nitrogen adsorption, and WIP 
analyses were not homogenized from the same samples. The porosity estimated by the nitrogen adsorption 
method is slightly higher for K-set, C1, C2, and C5 samples in comparison to porosity estimated based on 
the XRD results. The porosity results for L-set samples, on the other hand, show good correlation between 
two porosity methods. It is worth noting that the L-set samples have a higher amount of organic matter 
present. Possible cause for uncertainty between these two porosity methods is a preferential removal of the 
rock material through sieving process resulting in underestimation of porosity by XRD method and also, 
the fact that these samples were not homogenized form the same samples for two different porosity 
estimation methods. 
4.2 Porosity as a Function of the Abundance and Maturation of the Kerogen in Shales 
I now correlate the porosities estimated by the three methods (XRD, Nitrogen adsorption, and WIP) 
with kerogen abundance (kerogen volumetric %) and maturation of the organic matter (%Ro). Porosity is 
directly proportional to the amount of kerogen present in the shales with maturity. Distinct regression lines 
for each porosity method. Non-zero porosity at zero percent kerogen volume suggests that porosity must 






Figure 4.2: Porosity estimated based on the XRD mineralogy data as a function of kerogen abundance and 
maturation of the shale samples for L-set, C-set, and K-set. XRD porosity is directly proportional to the 
amount of kerogen. No correlation is found between porosity and maturity in these shales. 
 
 
Figure 4.3: Porosity estimated based on the nitrogen adsorption method as a function of kerogen 
abundance and maturity. Directly proportional correlation is observed between N2 porosity and kerogen 





The maturity of the organic matter was estimated from Tmax using Equation 4.1 (Jarvie et al. 2001). 
Although the formula is based on the Tmax and vitrinite reflectance data from the Barnett shale, it is widely 
used in petroleum industry to estimate level of maturity in shales (Wüst, 2013). 
%𝑅𝑜 = 0.0180 ∗ 𝑇𝑚𝑎𝑥 − 7.16  (4.1) 
Note that there is no correlation observed between the calculated vitrinite reflectance values of 
kerogen and the porosity indicating that maturation is not a driving mechanism for porosity creation in these 
shales. I believe that more extensive shale dataset with a wider range of maturity is dataset is needed to 
investigate this phenomena. 
 
Figure 4.4: Estimated porosity based on the WIP method as a function of kerogen abundance and 
maturity. WIP porosity is directly proportional to kerogen volume in shales. No distinct trends are found 
between porosity and maturity. 
 
4.3 Stiffness Coefficients as a Function of the Confining Pressure 
The dynamic elastic constants show a stiffening with applied hydrostatic pressure for all shale core 




vertical direction. Hysteresis is greater in compressional and shear elastic constants in the vertical direction 
than in horizontal direction possibly due to closure of microcracks parallel to bedding plane. This 
phenomena is most pronounced at lower confining pressures indicating some degree of fracture compliance 
and decrease in the void space. The Figure 4.5 represents results for K-set shale samples. The Figure 4.6 
represents results for L-set. The Figure 4.7 depicts results for C-set shale samples. 
 
Figure 4.5: Elastic constants as a function of the confining pressure for the K-set shale samples. General 
stiffening of elastic constants in all vertical, horizontal and 45° obliques direction is observed with 





The K-set and the C-set stiffness coefficients portray a similar response to confining pressure; they 
are also higher than the stiffness coefficients of the L-set shale samples. This observation correlates with a 
lower porosity measured in the C-set and the K-set samples as compared to the L-set samples. 
 
Figure 4.6: Elastic constants as a function of the confining pressure for the L-set shale samples. General 
stiffening of elastic constants in all vertical, horizontal and 45°obliques direction is observed with 
incerase in confing pressure. 
 
The stiffness coefficient C13 is not estimated for the lower pressures because of the higher uncertainty 




Potential source of error originates from poor coupling between the thin-wall transducers and the surface 
of the core samples. 
 
Figure 4.7: Elastic constants as a function of the confining pressure for the C-set shale samples. General 
stiffening of elastic constants in all vertical, horizontal and 45°obliques direction is observed with 
incerase in confing pressure. 
 
4.4 Estimation of the True Dynamic Young’s moduli 
Young’s moduli in vertical and horizontal direction estimated for VTI symmetry show that both 
moduli increase with applied confining pressure. There is a greater increase of Young’s moduli in vertical 




direction for all shale samples. Figure 4.8, Figure 4.9, and Figure 4.10 present results for K-set, L-set, and 
C-set respectively. 
 
Figure 4.8: Estimated true VTI Young’s moduli in vertical and horizontal direction. Note that the 






Figure 4.9: Estimated true dynamic Young’s moduli in vertical and horizontal directions. The difference 
between Young’s moduli in these two direction is greater for the sample L4 (D), and the sample L2 (B).  
 
The elastic moduli is highest in the K-set, followed by L-set and, finally, the C-set. No correlation is 
observed between elastic moduli and the clay content. The stiffening of the elastic moduli is observed at 
higher pressures, and possibly extends beyond the maximum tested pressure of 27.6 MPa, suggesting some 





Figure 4.10: Estimated true dynamic Young’s moduli in vertical and horizontal directions. The difference 
between Young’s moduli in these two direction is larger for the sample L4 (D), and L2 (B). 
 
4.5 Estimation of the Poisson’s Ratio.  
Poisson’s ratios, υ13, υ12, and υ31, were estimated with an assumption of VTI medium using Equations 
2.17 – 2.19. for all shale samples in this study. The simplified diagram representing Poisson’s ratios for 
VTI medium is shown in Figure 4.14. Poisson’s ratio shows fluctuations at lower pressures, and remains 
more or less constant at higher pressures. High and mostly constant value of υ12 in comparison to υ31 




explained by the absence or lesser amount of the void space and discontinuities in the 12 direction. The 
Poisson’s ratio response to pressure for sample K2 represents a classic example of VTI medium with axis 
of symmetry in vertical direction to the bedding plane (Figure 4.11 C). Sample K3 and K5 have higher υ13 
value in comparison to υ12 at higher pressures. This observation states that the rock specimen undergoes 
deformation and reduction of the void space in vertical direction (Figure 4.11: B and C). Note that the high 
variability in Poisson’s ratio values at lower pressures is due to greater uncertainties and experimental errors 
in ultrasonic velocities. 
 




Samples L1, L2, and L4 depict that υ13 has the greatest value at higher pressure with a larger axial 
strain than the lateral strain (Figure 4.13-A, B, D). The sample L3 shows the most typical Poisson’s ratio 
response of the VTI medium to increase in confining pressure (Figure 4.13-C). The υ31 is the lowest, and 
υ12 is the greatest. Again, this is because the sample is softer in the orthogonal direction to the bedding 
plane. Samples L1, L2, and L4 depict that υ13 has the greatest value at higher pressure with a larger axial 
strain than the lateral strain (Figure 4.13-A, B, D).  
 





In the C-set samples, υ31 and υ13 increase with increase in pressure (Figure 4.13). The difference 
between them increases as well. This observation is explained by the different rate of stiffening of the 
sample. The general decrease of the υ12 with an increase in pressure is explained by the increase in the axial 
strain rate and decrease in the lateral strain rate. Between the layers in vertical direction there is some void  
 





space, plate-like clay particles, patchy and/or preferentially oriented organic matter which increases 
compliance in that direction, thus, making the strain in the axial direction greater in comparison to lateral 
direction.  
 
Figure 4.14: Poisson’s Ratios (υ12, υ13, and υ31) for VTI medium. Dark-grey dashed line represents the 
bedding orientation. The direction of the applied tress (σ) is shown by the red arrows. Resulted  axial 
strain (Ɛ) is shown by the dotted blue lines. The image is adapted and edited from Maldonado (2011). 
  
In summary, the C-set samples show the most classical response of the Poisson’s ratio to confining 
pressure out of three core sets. There was no correlation established between this type of behavior and 
mineralogy. We can speculate that, the opposite response of the Poisson’s ratio, such as in K2, K5, L1, L2, 
and L4 sample might be attributed to the presence of fractures which are oriented orthogonal to the bedding 
plane.  
4.6 Degree of Anisotropy as a Function of Confining Pressure 
Anisotropy is presented in terms of Thomsen parameters and the horizontal to vertical Young’s 




functions of confining pressure. Figures4.15, 4.16, and 4.17 shows that the Thomsen anisotropy parameters 
for K-set, L-set, and C-set respectively are generally decreased as confining pressure increased. For exam-  
 
 
Figure 4.15: The degree of anisotropy in terms of Thomsen anisotropy parameters as a function of 
confining pressure for K-set shale samples on the up and down confining pressure cycles. Delta, gamma, 
and epsilon values are decreasing as pressure is increasing. The gamma and epsilon parameters at higher 
pressures do not approach zero and still have some degree of anisotropy present. In comparison, the delta 
anisotropy parameter approaches a value close to zero at higher pressures. All these observations state 
that there is some intrinsic anisotropy present in the shale samples, which is most likely due to clay 





ple, ɣ and Ɛ decrease from 1 and 2, respectively to about 0.4 at the maximum tested pressure of 27.6 
MPa. This decrease in anisotropy suggest presence of two types of anisotropy: microfractures and 
compliant 
 
Figure 4.16: The degree of anisotropy in terms of Thomsen anisotropy parameters as a function of 
confining pressure for L-set shale samples on the up and down confining pressure cycles. Delta, gamma, 
and epsilon values are decreasing as pressure is increasing. The gamma and epsilon, and delta anisotropic 
parameters at higher pressures do not approach zero completely, which indicates a presence of some 
outstanding degree of anisotropy even after decrease in void space and closure of microfractures.The 
delta anisotropy parameter for L3 sample (C) approaches a value close to zero at higher pressures. All 





pores that close with pressure, and intrinsic type of anisotropy that is independent of pressures. Furthermore, 
some degree of hysteresis is observed and can be explained by some degree of the mechanical deformation 
and irreversible closure of microfractures with increasing pressure. 
 
Figure 4.17: The degree of anisotropy in terms of Thomsen anisotropy parameters as a function of 
confining pressure for C-set shale samples on the up and down confining pressure cycles. Delta, gamma, 
and epsilon values are generally decreasing and approaching more isotropic degree as pressure is 
increasing. The gamma and epsilon, and delta anisotropic parameters at higher pressures do not approach 
zero anisotropy, which indicates a presence of the some outstanding degree of anisotropy even after the 
decrease in a void space and closure of the microfractures.The delta anisotropy parameter for all C-set 





The degree of anisotropy in shales is can also be expressed by the ratio of Young’s moduli in 
horizontal and vertical directions as functions of confining pressure (Figure 4.18). This is a convenient way 
to compare the degree of anisotropy in shales at benchtop and under simulated in-situ conditions. When the 
value of Eh/Ev is equal to one, then the specimen is isotropic. Figure 4.18 shows that the degree of anisotropy 
approaches the values between 1.5 and 2 at maximum tested confining pressure (27.6 MPa).  
 
Figure 4.18: Degree of anisotropy in terms of Eh/Ev as a function of confining pressure for shale samples 
from K-set, L-set, and C-set. It is observed that the ratio of the Young’s modulus in horizontal to vertical 
direction decreases as confining pressure increases. This indicates that the shale samples experince less 
anisotropy with pressure increase. Furthermore, the Eh/Ev do not approach the value of one even at 




As for the Thomsen's parameters, Eh/Ev also show that microfractures and compliant pores close at high 
pressure, but there is still high degree of anisotropy which most likely credited to the intrinsic anisotropy 
of shales.   
4.7 Discrepancy between the True and Apparent Estimation of the Degree of Anisotropy. 
The dynamic Young’s moduli in vertical and horizontal directions for the VTI medium are estimated 
using the Equations 2.14 and 2.15. However, very often Young’s moduli in these two directions cannot be 
calculated because of the technical difficulty of measuring the C13 stiffness coefficient (Wang 2002; 
Sondergeld and Rai 2011). In that case the isotropic equations are used to estimate apparent Young’s moduli 
(Sone and Zoback 2013). These isotropic equations require four independent coefficients calculated   from 
compressional and shear velocities in vertical and horizontal direction to the bedding plane (Thomsen 
2013). 








Sone (2012) used the stiffness coefficients from 16 Bossier/Haynesville shale samples to evaluate 
the error between estimation of Young’s moduli in vertical and horizontal directions using Equations 4.1 
and 4.2 and Equations 2.14 and 2.15. Figure 4.15 shows the results of the apparent dynamic Young’s moduli 
against the true dynamic moduli. The crossplot depicts a good agreement between these two estimates. 
Sone (2012) found that an error between using formulas for VTI medium (2.14, 215) and formulas for 
isotropic medium is negligibly small (<5%) (Figure 4.19). However, a comparison between true and 
apparent dynamic Young’s moduli in vertical and horizontal directions for 11 shale samples at maximum 
tested pressure of 27.6 MPa showed that the true dynamic Young’s moduli is greater on the order of 15% 




By ignoring this effect, the Eh and Ev stress contrast can be either underestimated or overestimated leading 
to false assessment of failure potential in a rock formation.  
 
Figure 4.19: Apparent dynamic moduli versus true dynamic Young’s moduli in vertical and horizontal 
directions for 16 samples form Haynesville/Bossier (Sone 2012).The light grey lines show one-to one 
correspondence and 10% deviation. The thick black line depicts a linear fit to the data with appropriate 





Figure 4.20: Apparent dynamic moduli versus true dynamic Young’s moduli in vertical and horizontal 
directions for all 11 shale samples from C-set, L-set, and K-set. The latter one is on the order of 15% 
greater on average in comparison to the first one.  
 
4.8  Effect of clay on the degree of anisotropy 
Figure 4.21 presents effect of clay on the degree of anisotropy in terms of Ɛ, ɣ, δ, and Eh/Ev.at 
maximum tested pressure of 27.6 MPa. It is found that anisotropy is a strong function of clay volume in 
shales. Epsilon and delta anisotropy parameters, and Eh/Ev are directly proportional to the amount of clay 




of clay minerals (Li, 2006; Vernik and Nur, 1992; Vernik and Liu, 1997). Appropriate linear regression 
lines to fit the data are shown in the figures along with the correlation coefficients. The fact there is still 
anisotropy present at zero clay content suggests that clay is not the only source of anisotropy in these shales 
(Figure 4.21 A, D). The additional source of anisotropy most likely comes from the abundance of organic 
matter present in shale samples. 
 
Figure 4.21: Effect of clay on the degree of anisotropy in terms of Epsilon (A), Gamma (B), and Delta (D) 
Thomsen parameters, and true dynamic ratio of Young’s moduli in horizontal and vertical 




4.9 Effect of the Abundance and Maturation of Kerogen on the Degree of Anisotropy 
Organic-material is a strong source of anisotropy in organic-rich shales (Vernik and Nur 1992; 
Vernik and Liu 1997). The reason for it is the rearrangement and flattening of the stress compliant organic 
matter and clay grain network during compaction and diagenesis in shales (Kaarsberg 1959). Also, the 
resulting micro laminations in kerogen itself should increase velocity anisotropy in shales. These 
explanations could not be confirmed in this study. It is found that Thomsen anisotropy parameters Ɛ, ɣ, and 
δ and horizontal to vertical Young’s moduli ratio are not directly proportional to the amount of kerogen 
content (Figure 4.22). Possibly, some critical value for kerogen volume must be reached before the presence 
of microcracks and micro-laminations in the kerogen can be detected. Another potential source for this type 
of response is a narrow window of a kerogen volume values for shale samples in this study (6% to 14%). 
Samples with a wider range spectrum of the kerogen volume must be considered in order to have more 
conclusive analysis of the effect of the abundance of the organic matter on the degree of anisotropy. 
Additional important aspect is the maturity of the organic matter (Prasad 2002; Vanorio et al. 2008) 
performed a study on the effects of maturity on the velocity anisotropy in organic rich shales based on the 
database compiled by Vernik and his colleagues (Vernik and Nur 1992; Vernik 1993; Vernik and Liu; 
1997). Vanorio et al. (2008) presented correlations between the Thomsen anisotropy parameter, Ɛ acquired 
at confining pressures of 50 MPa and 5 MPa and the appropriate values of vitrinite reflectance for shale 
samples ranging between early mature to postmature windows. Ɛ parameter increases from immature to 
early mature range (%Ro of 0.2 to 0.65) and the first peak is reached at highest maturity due to compositional 
and structural mechanisms that generate intrinsic anisotropy of kerogen. The second peak of high anisotropy 
is reached at the post mature peak (about %Ro of 1.3) due to creation of microcracks in kerogen. 
The appropriate data from C-set, K-set, and L-set shale samples is combined with the results of 
Vernik and Nur (1992), Vernik (1993), and Vernik and Liu, (1997). The Thomsen anisotropy parameter 




shale samples are in good correlation with the findings of Vernik and Nur (1992), Vernik (1993), and Vernik 
and Liu, (1997)  with a decrease in the magnitude of anisotropy and increasing pressure (Figure 4.23). The 
C-set shale samples have a higher degree of anisotropy in comparison to Vernik’s shale samples. This is  
 
Figure 4.22: Effect of kerogen abundance on the degree of anisotropy in terms of Epsilon (A), Gamma 
(B), and Delta (D) Thomsen parameters, and true dynamic ratio of Young’s moduli in horizontal and 
vertical directions.There is a directly proportional correlations established between clay content and 





explained by the fact that C-set anisotropy results at 27.6 MPa have a lower pressure sensitivity of 
anisotropy. The K-set, specifically K2 and K3, samples show high degrees of anisotropy which can be 
attributed geochemical transformation and microcracks creation in post-mature organic-rich shales. Further 
investigation of the microstructural pore network in shales using FESEM analysis needs to be analyzed for 
the nature of the kerogen distribution and orientation of microfractures and micro-laminations. 
 
Figure 4.23: Thomsen anisotropic parameter Ɛ as a function of maturity of organic matter in terms of 
vitrinite reflectance, %Ro value. The data for the L-set, C-set and K-set shale samples is combined with 
findings of Vanorio et al. (2008). The samples are measured at 50 MPa (blue diamonds) and 5 MPa (red 
diamonds). The L-set, C-set, and K-set samples are measured at 27.6 MPa (green circles). Black circles 
highlight Monterey and Woodford samples used for a confocal laser scanning microscopy (adapted from 
Vanorio et al. 2008).  
 
4.10 Potential Origin of the Core Data Sets 
Since the sample locations were not disclosed, it was intriguing to investigate the origins of L-set, 
K-set, and C-set shale samples. For this task, the mineraology and LECO TOC data from literature (Sone, 
2012) is compiled with XRD mineraology results for the shale samples used in this study (Figure 4.24). 
The L-set samples have a wider range in mineralogy, which makes it challenging to make a certain 




Eagle Ford-1 samples, which are indicative of higher clay and kerogen values among all Eagle Ford 
samples. The C-set appear to belong to Haynesville/Bossier formation due to higher clay content and similar  
 
Figure 4.24: Comparison of the L-set, C-set, and K-set mineralogy data to Sone’s data. All data is 
presented in vol%. 
 
kerogen volume concentration. Note that the C-set might show a maturity of the wet gas window, which is 
seldom occurrence in Haynesville formation. The shale samples form K-set belong to the over mature gas 
window with the lowest porosity among all shale samples studied. It is hard to establish high confidence 
assumption for the origins of this core set.  
Furthermore, the finding of Passey et al. (2010) on rock composition concluded on the potential 




with appropriate data from Passey (2010) (Figure 4.25). My analysis show that C-set and most of the set L-
set samples fall into Eagle Ford and Haynesville area (highlighted in light green). Due to high carbonate 
 
 
Figure 4.25: Mineralogy data for C-set, L-set, and K-set combined with Passey et al. (2010) results.  
 
content, lower OM content, and overmature nature of the organic-rich shale samples from K-set, I speculate 




5 CHAPTER 5 CONCLUSIONS AND FUTURE WORK 
There are several important conclusions of this research: 
1. A major contribution of this thesis is a new laboratory technique for acquiring 
multidirectional ultrasonic velocities using a specifically designed PLP core jacket holder. 
The new jacket reduces sample preparation time from 10 days to under one hour. The 
samples are recovered at the end of the pressure measurement, and measurements are 
repeatable by reusing the same jacket for a series of measurements. 
2. Young’s moduli in the bedding parallel direction are about 1.5 to 2 times greater than in in 
the bedding perpendicular direction. 
3. Anisotropy in shales is related to presence of cracks that close at pressure conditions as well 
as existence of layers and laminations. 
4. Using isotropic equations for each direction underestimates Young’s moduli by 15% as 
compared to calculations using true VTI equations leading to wrong failure potential 
estimates. 
5. The measured cores are identified as Haynesville/Bossier and Eagleford formations based 
on the composition results in this study.  
It is captivating to expand our knowledge on the behavior of the elastic properties under simulated 
conditions with a higher precision. I suggest to perform ultrasonic measurements on organic rich samples 
with a wide range of abundance of organic matter and maturity under undrained and drained conditions 
using PLP core jacket. Also, in future research, it could beneficial to introduce application of strain gages 
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